Abstract In this paper, the process modeling and dynamic simulation for the EAST helium refrigerator has been completed. The cryogenic process model is described and the main components are customized in detail. The process model is controlled by the PLC simulator, and the realtime communication between the process model and the controllers is achieved by a customized interface. Validation of the process model has been confirmed based on EAST experimental data during the cool down process of 300-80 K. Simulation results indicate that this process simulator is able to reproduce dynamic behaviors of the EAST helium refrigerator very well for the operation of long pulsed plasma discharge. The cryogenic process simulator based on control architecture is available for operation optimization and control design of EAST cryogenic systems to cope with the long pulsed heat loads in the future.
Introduction
With the rapid development of cryogenics and superconducting technology, large scale helium cryogenic plants have been widely used in nuclear fusion reactors and particle accelerators. Helium refrigerators are usually operated at a constant heat load. However, this situation has been changed. Helium refrigerator design for pulsed heat loads in tokamaks highlighted the requirements for cryogenic plants to cope with the expected load variations of future fusion reactors [1] . The design and control of the cryogenic system based on static calculation and operators' experience is not enough.
Dynamic simulation represents the only way to provide adequate data during transients and enhance the stability of cryogenic systems without disturbing normal operations [2] . Existing cryogenic process simulators have been developed starting from a simple Brayton cryogenic cycle [3] to large scale cryogenic plants. Maekawa R et al. developed C-PREST (Cryogenic Process REal-time SimulaTor) as a platform for process analysis and an optimization tool to study coupled cryogenic phenomenon of the helium cryogenic system for LHD [4] . Bradu B et al. developed a dynamic simulator, PROCOS (PROcess and COntrol Simulator), to improve knowledge on the cryogenic system for LHC [2] . Deschildre C et al. simulated the 800 W@4.5 K helium refrigerator at CEA [5] , and applied it to the refrigerator design to cope with the pulsed heat load [6] . The cryogenic plants and their control systems are highly complex due to the large number of correlated variables in wide operation ranges. A dynamic simulator, CryoPCS (Cryogenic Process and Control Simulator), developed for the helium refrigerator of the EAST tokamak has been completed and is presented in this paper. It is a very useful tool to train operators without safety issues, investigate dynamic behaviors of the refrigerator and then optimize its performance, test and improve the control programs, and then enhance the stability of the system operation.
2 Design of the cryogenic process and control simulator
Simulation architecture of CryoPCS
Dynamic simulation applied to cryogenic systems has started to spread during the last few years. Most of the existing simulators are only cryogenic process simulations without the real process control system, except the simulators achieved by Maekawa R and Bradu B mentioned above. The design of CryoPCS is to repro- * supported by National Natural Science Foundation of China (No. 51306195) and Key Laboratory of Cryogenics, Technical Institute of Physics and Chemistry, CAS (No. CRYO201408) duce the whole helium refrigerator system, simulating not only the cryogenic process, but also the real controllers including the supervision layer.
Therefore, CryoPCS adopts the typical industrial three-layer control architecture, shown in Fig. 1 . The supervision layer is realized by WinCC, a monitor software of SIEMENS manufacturer. The control layer is replaced by a controller simulator, the PLC Simulator, also provided by SIEMENS. The field layer is replaced by the cryogenic process model based on HYSYS. It is a commercial simulation software, which has been proved to be a reliable dynamic simulation software to model complex large scale helium cryogenic systems [5] . Fig.1 The simulation architecture of CryoPCS
Communication between process model and controllers
The same inputs/outputs are used in the cryogenic process model. Hence, the communication between process simulator and controllers is vital to data interchange [7] . HYSYS incorporates an advanced software architecture and OLE (Object Linking and Embedding) technology to provide a component-based framework. When HYSYS was developed, code was added to expose various objects, which offered the ability to interact with other applications [8] . Based on this function, this paper presents a communication methodology through the OPC (OLE for Process Control) protocol. The process model is accessed as an OPC server, and the PLC works as an OPC client. Controllers are executed in the PLC, and the outputs of controllers are written to the process model. Then main process parameters in the process model are read back to the PLC synchronously to ensure the consistency. The OPC server, HYSYS Customization, is programmed in terms of Visual Basic, shown in Fig. 2 . Via this program, the cryogenic model is used as a calculation engine, hiding the complexity of dynamic simulation by building a front-end. The end user can access these objects, sending and receiving information to or from the process model.
Development of the cryogenic process model
On the way to explore dynamic simulation of helium refrigerators, different approaches have been completed and validated. Dynamic simulations based on HYSYS expand rapidly, widely applied to large scale helium cryogenic systems. It is a modular sequential process simulator, using the implicit Euler method, and offers an oriented equation method for the calculation of pressure and flow balances [9] . Each component, such as heat exchanger, turbine, valve, pipe and phase separator, can be parameterized with its own characteristics. However, some specific customizations are required to cope with the applications in helium cryogenic systems due to the wide temperature range, especially the heat exchanger and the turbine expander [5] .
Heat exchanger
HYSYS enables the simulation of complex platefin heat exchangers. The dimensions, the number of streams, the number of channels per stream, the arrangement of the channels, the type and the geometry of fins, the heat transfer coefficients and the pressure drop of the heat exchanger can be specified. The accuracy of the simulation results is dependent on the accuracy of the related property data. So every channel of the heat exchanger is divided into N zones, shown in Fig. 3 . Every zone has its individual property data calculated by corresponding equations, and updated with the joining flows. The thermal conductivity and heat capacity of materials in the heat exchanger are highly non-linear with temperature, which are constant in HYSYS. Therefore, logarithmic equations were inserted through a spreadsheet to calculate the thermal conductivity and heat capacity of materials [10] .
where T represents the temperature, y represents thermal conductivity or heat capacity and the constant coefficients depend on the materials. In addition, heat transfer coefficients vary with the temperature, the mass flow and the fins geometry. They must be specified for each stream. A function has been added to the model in order to make the heat transfer coefficients vary according to correlations such as Eq. (2) below [11] :
where Re and Pr are the Reynolds and the Prandtl Number, Cp is the specific heat capacity, g is the mass flow rate per cross-sectional area, and j, representing the heat transfer factor of the offset strip fin, is a function of Re as shown below [12] . 
Turbine expander
The turbine expander is defined by the capacity and efficiency. However, these parameters of the turbine expander in HYSYS are constant. Therefore, equations have been added to describe these parameters as functions of the inlet conditions of the turbine expander as follows [5] .
where capacity is the mass flow of the turbine expander, representing the refrigeration power. P in , T in , ρ in and Z in are respectively the inlet pressure, temperature, density and compressibility factor; K 1 is a coefficient to be determined experimentally.
where 
Process model of EAST helium refrigerator
In order to reduce computational complexities, some assumptions have been made. The filters and absorbers have been ignored, and their pressure drops are added to pipes placed nearby. The compressor station is also ignored. Pressure and temperature at the high pressure (HP) inlet to the cold box are kept constant. The mass flow of liquid nitrogen (LN2) is controlled, the liquid level of the LN2 Tank is at 75%. The heat load of EAST is fitted by a heater embed in the liquid helium tank (LHe Tank). The simplified process model of the EAST refrigerator in HYSYS is shown in Fig. 4 . HP helium gas enters the cold box, cooled down in HXI by the returned helium gas from the low pres- 
Process simulation results

Cool down process of helium refrigerator
The simulated dynamic process was compared with the operation data of the EAST refrigerator in order to validate the simulator. The cooling down process of the EAST device from 300 K to 80 K spent about two weeks in general, and the heat load during this period was difficult to evaluate and simulate. So the cool down Fig.4 Process model of EAST refrigerator in HYSYS process of the helium refrigerator from 300 K to 80 K in the 7th experiment was chosen as a demonstration, which is independent of EAST loads.
In the simulation, the inlet pressure to the cold box was provided by experiment data, and the valves were operated according to real positions in the experiment. Then the cool down process from 300 K to 80 K of the helium refrigerator was simulated by LN2 pre-cooling. Variations of pressure and mass flow at the high pressure inlet to the cold box are shown in Fig. 5 . During this process, the variation trend of mass flow was concordant with the experimental process, and the error of mass flow was less than 4 g/s, having a good agreement with the actual refrigerator. Cool down curves of the temperature at the high pressure outlet from heat exchange HXIII to HXVII were compared with the actual curves, shown in Fig. 6 . This process costs 10 h in dynamic simulation, but 9 h in the experiment. The cool down rate was slightly slower than the actual refrigerator. The cool-down start time of the final heat exchange HXVII was in good agreement with that in the actual refrigerator. From the cool-down trend and rate, this process simulator can predict the cool-down process of the EAST helium refrigerator very well. The cool down process of the helium refrigerator from 300 K to 4.5 K has also been simulated, as shown in Fig. 7 . At the beginning of the cool down process, LN2 was supplied to the LN2 Tank and the outlet temperature of HXLN2 went down. About one hour later, the liquid level of the LN2 Tank reached 75% and the outlet temperature of HXLN2 cooled down to 80 K. Then the turbines were started up, and the outlet temperatures of heat exchanges went down quickly. When the inlet temperature of T1 reached 200 K, the inlet valve of T1 was fully opened, speeding up the cooldown rate. The cool down process of the cold box from 300 K to 4.5 K was completed in about 9 h. From the simulation results, starting up turbines at the beginning can reduce the cool-down time and improve the efficiency greatly. 
Comparison of temperature entropy (T-S) diagram
When the cool down process was completed, the cryogenic process model reached a steady-state. A comparison of T-S diagram between the dynamic simulation and the design parameter is shown in Fig. 8 . From the T-S diagram, the simulated temperatures in the dynamic model were slightly lower than the design values, especially the outlet temperatures of turbines. It implied that if the efficiencies of turbines reached the design values, the refrigerator will work in a better state than the design state. In general, this dynamic simulator can represent the real refrigerator. 
Dynamic simulation under pulsed heat loads
Fusion reactors like the EAST tokamak are operated under long pulsed plasma discharges. Due to intermittent plasma discharge and alternating currents, superconducting coils and supporting structures generate a large number of dynamic thermal depositions. They bring pulsed heat disturbances to the cryogenic system through cooling channels of supercritical helium [13] . This has a great impact on the helium refrigerator. The dynamic process under a 411 s, 250 kA plasma discharge on 27th June, 2012 was chosen as a demonstration. It is the longest pulsed plasma discharge achieved in EAST. Under this plasma discharge, the mass flow of supercritical helium that returned to the cold box increased rapidly, shown in Fig. 9 . Due to the additional heat load, the returned helium gas increased immediately along with the plasma discharge and reached the peak value about 2 min after the plasma discharge finished. The mass flow of the LP Stream varied from 54 g/s to 61 g/s, increasing by 7 g/s and the mass flow of the Sub Stream varied from 77 g/s to 81 g/s, increasing by 4 g/s. Fig.9 Mass flows returned to cold-box during the pulsed plasma discharge Load disturbance had a great effect on the EAST refrigerator, deviating from the steady-state. The mass flow of the T1&T2 Stream and T3 Stream increased obviously, shown in Fig. 10 . In the simulation, the mass flows that returned to the cold box were provided by the experiment data, replacing the heat load of EAST. The dynamic process of the helium refrigerator under this operation condition of a long pulsed plasma discharge has been simulated. Variations of mass flows of T1&T2 and T3 are shown in Fig. 10 , compared with the experiment data. Without consideration of the jump of mass flow in the experiment, the maximum absolute error of the mass flow was about 3 g/s, and the relative error was less than 2%.
The outlet temperatures of heat exchanges at high pressure went down during this process, shown in Fig. 11 . The main temperature curves were compared with the actual curves. In order to express the errors more obviously, the relative errors of the main heat exchanges are shown in Fig. 12 . The maximum relative error was about 5% at HX6. Without consideration of the steady-state errors, the relative errors of heat exchanges were less than 2%. From the comparison, the dynamic variation of mass flows and temperatures showed a good agreement with the real process. Although there existed a slight steadystate error, this process simulator can accurately predict the dynamic behaviors of the EAST refrigerator during the operation of a long pulsed plasma discharge. Therefore, the CryoPCS is an available platform for designing a cooperative control strategy to remove periodic heat loads in future work.
Conclusion
In this paper, the process modeling and dynamic simulation for the EAST helium refrigerator has been implemented. This dynamic simulator has a good agreement with the experimental data. The process simulator can accurately predict dynamic behaviors and transport phenomena of the EAST helium refrigerator under the operation condition of long pulsed plasma discharge. Based on the real control architecture, the CryoPCS will be used to test advanced control strategies before being implemented on the real refrigerator.
This process simulator presents a new design tool for the EAST helium refrigerator to cope with the requirements under periodic pulsed heat loads in future nuclear fusion reactors. The future goals will be to simulate responses under various control strategies to strengthen the stability to cope with abnormal operations. Different operational sequences will also be simulated in order to optimize the performance of the EAST helium refrigerator.
